The paper presents a novel transdisciplinary approach to investigate non-sustainable civilisation nature interactions in the context of Global Change. The approach rests on the decomposition of the intricate dynamics of Global Change into patterns of problematic civilisation nature interactions ("Syndromes") by an iterative process of observations, data and system theoretical analysis, and GIS based modelling attempts. These Syndromes of Global Change characterise endangering and risky developments of civilisation nature interaction and represent a baseline for measuring and indicating 'non-sustainability' -in order to have a sustainable development it is necessary to have a far-reaching absence of Syndromes. They encompass the core problems of Global Change, e.g. Soil Degradation, Climate Change, Threats to Biodiversity or Global Deforestation. The patterns are defined as characteristic constellations of Global Change trends ("Symptomes"). The cause-effect schemes of Symptomes and their interrelations are constituted as complex phenomena resulting from interactions over the different spheres of the Earth System (Biosphere, Atmosphere, Hydrosphere, Population, Pedosphere, Economy, Psychosocial Sphere, Social Organisation, Science and Technology). The approach is illustrated by an analysis of civilisation-nature interaction patterns relevant for global deforestation. The global forest ecosystems have been chosen for the investigation because of their important role in the global carbon cycle and their importance for biological diversity. The resulting geographical patchwork of the combined dispositions and intensities of the different Syndromes describes the current and future regional threats to forests by their underlying global cause-effect patterns of civilisation-nature action.
Introduction:
This paper presents an example for global environmental modelling in a GIS environment. The spatial analytical and database functionality of GIS is used in the process oriented modelling of nonsustainable civilisation-nature interactions. GIS supplies the toolbox for multi-criteria and multiobjective decision making in the process of analysing these problematic developments on different spatial resolutions. Fuzzy sets and Fuzzy Logic operators are used in the GIS environment to incorporate quantitative and qualitative data on a intermediate functional scale. The approach presented here provides the foundation for the identification and evaluation of possible coping strategies and their spatial implications.
In the process of civilisation development the natural environment was transformed to meet human needs. Over the last century the anthropogenic influence on Earth System processes increased to an amount where it has a fundamental ascertainable impact on the system 1990) . Whereas prior to that time, the dynamic of the Earth System was mainly independent of anthropogenic influence, today civilisation development is a significant interfering factor in the global ecosphere (Schellnhuber and Kropp, 1999) . Examples for this development are the anthropogenic increase in atmospheric CO 2 to 360 ppmv (IPCC, 1996; UNEP, 1999) which is well above the maximal values for the last 400 000 years (Petit et al., 1999) , or the anthropogenic soil degradation (Oldeman et al., 1990) where unsuitable agricultural practices have led to a degradation of 562 x 10 6 ha -about 38 % of the total agricultural area (Oldeman 1994 ).
Global deforestation is perceived as one of the core problems of Global Change (GC) over the last decades (e. g. Turner et al., 1993; CIESIN, 1992; FAO, 1997 FAO, , 1999 WBGU, 1997) and has also been identified as one of the main environmental problems for the 21 st century (UNEP 1999) . Up to today, about 50 % of global forest areas have been lost, with a high percentage of deforestation (13 %, WWF 1998) -mainly in the tropics -happening in the last 3 -4 decades. Only about 40 % of the current forests cover remains as mainly undisturbed frontier forest (Bryant et al., 1997) . There is no doubt about the seriousness of the anthropogenic threat to global forest ecosystems endangering the vital role of forests in global biogeochemical cycles and in preserving biodiversity (FAO 1997 (FAO , 1999 WRI, 1997; WBGU, 1997; WWF 1998; Brown et al., 1999) .
The significance of forest ecosystems is manifold, reaching from the provision of living space -"Lebensraum" -for indigenous hunter and gatherer cultures, soil protection and climate regulation to recreational functions in modern life. Among the variety of different services provided by global forest ecosystems, especially important are the roles of forest in the global carbon cycle and in biological diversity where forest are habitat to approximately 2/3 of all species (WRI 1997; FAO 1999; Groombridge 1994 ). Global deforestation is closely linked to land use and land cover changes (WBGU, 1997; FAO, 1999) . To understand the current and future role of these changes, a sufficient understanding of their causes and mechanisms is vital (Lambin and Ehrlich, 1997) .
Previous approaches to analyse deforestation or forest degradation can roughly be divided into two categories. There is the group of studies with the global situation as the main focus. These studies tend to be descriptive and list either facts and causes of deforestation for the whole globe, continental regions or for ecozones. They are mainly based on statistical sources on the country level, derived from global statistics from e.g. UNEP (1999) , FAO (1997 ), World Bank (1999 , WRI (1998 WRI ( , 2000 , Greenpeace (1998) , the World Watch Institute (Brown et al., 1999) or the World Wide Fund for Nature (WWF, 1998) . These studies generally lack the spatial resolution and do not draw connections between different actors and different forms of deforestation. An exemption is given by the Forests Frontier Initiative (Bryant et al., 1997) , where spatially explicit results of an expert evaluation about the threat to Frontier Forests are provided. Besides being limited to primary forest the study does not separate the different causal relations leading to deforestation.
The second big group of deforestation studies are the wide variety of local and regional case studies (e.g. Miller, 1991; Diem, 1993; Heilig, 1994; Verissimo et al., 1995; Wunder, 1997; . Walker and Homma, 1996; Mertens and Lambin, 1997; Lambin and Mertens, 1997; Rudel and Roper, 1997; Parayil and Tong, 1998; Stone, 1998; Nepstad et al., 1999; etc.) . Many studies from this group can either be categorised into the population approach, where the causes for deforestation are mainly seen in poverty and population growth with an increased demand for agricultural land, or the market approach, where mainly market factors such as prices, access costs and property rights are named as causes. In the majority of the case studies, no distinction between different agents or sources for deforestation is being made. The causes of deforestation described are complex and furthermore usually described in a situation specific context. One case study may describe the "lack of well defined property rights" as the main cause for deforestation, another may name "governmental development policies". At a first glance it might be difficult to compare these two hypothetical studies. But taking a closer look reveals that both causes can be summarised under the heading of Policy Failure. Most of the studies focus mainly on the proximate or direct causes for deforestation. An exploration of the underlying processes and causes leading to deforestation and forest degradation is only rarely attempted. The missing causal and/or temporal connection between different patterns of deforestation or to other developments and dynamics in GC, points to a shortcoming in this type of deforestation and forest degradation studies.
Global deforestation and forest degradation is made up by a limited number of cause effect patterns observed in different parts of the World (FAO 1997) . These patterns consist of interacting socio-economic and physical phenomena which build complex dynamic systems of civilisation-nature interaction. This reveals a weakness in the previous approaches to analyse and model global deforestation or forest degradation by mainly disciplinary research focused rather on single phenomena and single regions than to analyse the systemic global cause-effect schemes leading to global deforestation. There is a need for an integrated assessment of the deforestation problem. A first attempt at applying such an integrated assessment to the problem of global deforestation by utilising the newly developed concept of "Syndromes of Global Change" is presented here.
The Syndrome Concept
The Syndrome approach was originally proposed by the German Advisory Council on Global Change -WBGU - (WBGU, 1995) as an instrument to deal with the complex transdisciplinary nature of the processes of civilisation-nature interaction in the context of GC. Over the last five years, the initial idea has been conceptualised and further developed into a working tool by the QUESTIONS (Qualitative Dynamics of Syndromes and Transition to Sustainability) research group at the Potsdam Institute for Climate Impact Research (PIK).
The basic idea behind the Syndrome concept is not to describe GC by regions or sectors, but by archetypical, dynamic, co-evolution patterns of civilisation-nature interaction which we call "Syndromes" Petschel-Held et al., 1999) . The approach rests on the decomposition of the intricate dynamics of GC into patterns of civilisation-nature interactions -the "Syndromes of GC" -by an iterative process of observations, data and system theoretical analysis, and GIS based modelling. These Syndromes of GC characterise endangering and risky developments of civilisation-nature interaction and represent a baseline for measuring and indicating 'nonsustainability': in order to have a sustainable development it is necessary to have an extensive absence of Syndromes.
Basic Elements of the Syndrome Concept

Symptoms:
• are the basic elements for the systematic description of the dynamic of GC in the Syndrome concept.
• give a transdisciplinary overview of the most important developments in GC in form of qualitative elements.
• describe complex natural or anthropogenic dynamic phenomena without depicting the internal processes in detail.
• are first of all verbally defined without the implication of a judgement.
• include the temporal characteristics of the specific trends, therefore a Symptom X is defined by
• portray a first abstraction of the processes of GC, where e.g. different changes of agricultural practise, e.g. an increase in live stock or a change from a digging stick to an ox plough observed in different regions are combined in the Symptom Intensification of Agriculture.
Based on expert evaluations, a catalogue of about 80 -90 anthropogenic as well as natural trends, which represent the most relevant qualities of GC, is used as the basis of the description, allowing the identification of regionally dependent interrelationships between the major elements of GC (WBGU, 1997).
Interrelations:
• are the connecting elements of the system-analytical description of the dynamic of GC in the Syndrome concept.
• specify the kind of causal relation between Symptoms under certain conditions.
• are monotonic relations between Symptomes with an increasing or decreasing effect.
• can be active in a causal relationship between a single pair of symptoms or synergistically between several symptoms.
Only the knowledge about the causal relations between the various elements, which is reflected by their interactions, leads to an understanding of the processes in GC and therefore allows effective action and reaction to the problems. Starting from a general knowledge of the system and various case studies, a qualitative characterisation of the generalised behaviour is given, e.g. "The higher the demand for energy and resources, the greater the overexploitation of natural resources". This statement is only true under certain natural and socio-economic conditions. The basic assumption of the Syndrome concept is the existence of several of such clusters of interrelations. The interrelations are only valid under similar conditions. If it is possible to derive a second statement like "The overexploitation of natural resources generates lobbies and bribes, that lead to a policy supporting resource exploitation -a policy failure from a sustainable perspective." from the case studies, we can identify the causal relation scheme that leads to the formulation of the core mechanism of the OVEREXPLOITATION SYNDROME. The importance in the formulation of these statements lies in the fact, that only monotonic relations and not specific functions are specified. This allows for the incorporation of a variety of specific functional relations derived from different case studies into the general causeeffect pattern of a Syndrome, as long as they fulfil the monotonic criteria. An example for such a network of interrelations for a specific cause-effect scheme, the OVEREXPLOITATION SYNDROME, is given in Fig. 1. 
Syndromes:
• are non-sustainable patterns of civilisation-nature interaction.
• are human induced patterns of degradation.
• are interaction patterns of complex phenomena.
• are formulated by interdisciplinary and intersectoral cause-effect schemes.
• describe characteristic constellations of Syndromes and their interactions.
• are defined reaching over the different spheres of the Earth.
• describe possibly non-sustainable development patterns which can only be explained via the interrelations between the single elements.
Each of the Syndromes has its own basic pattern of causalities of civilisation induced environmental degradations. The Syndromes can occur either separately or coupled with each other (Fig. 2) .
The main goals of Syndrome oriented research are:
• to give a systematic, functional oriented overview of the processes in GC on different spatial and temporal scales.
• to identify non-sustainable development patterns and thus give guard rails for a sustainable development.
• to provide a way to operationalise sustainability concepts.
• to verify the validity of the approach to separate GC into functional sub-patterns.
Based on expert evaluations, a set of 16 Syndromes has been formulated which is claimed to describe GC in a sufficient and appropriate way (WBGU, 1997). They encompass patterns which describe mechanisms of agricultural land use as well as patterns for urbanisation and industrialisation processes, environmental degradations due to waste disposals or resource quarrying (Table 1 ). The names of the Syndromes correspond either with typical regions for their existence, events or key words for the respective mechanisms. (WBGU 1997) "UTILISATION" SYNDROMES -resulting from inappropriate use of natural resources as production factors 1. Overcultivation of marginal land: SAHEL SYNDROME 2. Overexploitation of natural ecosystems: OVEREXPLOITATION SYNDROME 3. Environmental degradation through abandonment of traditional agricultural practices: RURAL EXODUS SYNDROME 4. Non-sustainable agro-industrial use of soils and bodies of water: DUST BOWL SYNDROME 5. Environmental degradation through depletion of non-renewable resources: KATANGA SYNDROME 6. Development and destruction of nature for recreational ends: MASS TOURISM SYNDROME 7. Environmental destruction through war and military action: SCORCHED EARTH SYNDROME "DEVELOPMENT" SYNDROMES -people -environment problems arising from non-sustainable development 8. Environmental damage of natural landscapes as a result of large-scale projects: ARAL SEA SYNDROME 9. Environmental degradation through the introduction of inappropriate farming methods: GREEN REVOLUTION SYNDROME 10. Disregard for environmental standards in the course of rapid economic growth: ASIAN TIGERS SYNDROME 11. Environmental degradation through uncontrolled urban growth: FAVELA SYNDROME 12. Destruction of landscapes through planned expansion of urban infrastructures: URBAN SPRAWL SYNDROME 13. Singular anthropogenic environmental disasters with long-term impacts: MAJOR ACCIDENT SYNDROME "SINK" SYNDROMES -environmental degradation through society's use of non-adapted disposal systems 14. Environmental degradation through large-scale diffusion of long-lived substances: SMOKESTACK SYNDROME 15. Environmental degradation through controlled and uncontrolled disposal of waste: WASTE DUMPING SYNDROME 16. Local contamination of environmental assets at industrial locations: CONTAMINATED LAND SYNDROME This list of Syndromes represents a first hypothesis of non-sustainable development patterns. Each of the patterns is motivated by different driving forces and possesses different cause-effect schemes. They gain their global relevance by significantly contributing to one or more of the core problems of GC (e.g. Soil Degradation, Climate Change, Threats to Biodiversity or Global Deforestation, etc.) and by their global appearance WBGU 1997) .
Basic Elements of Syndrome Analysis
The geographical analysis of a Syndrome is performed in several steps which integrates GIS with concepts of Fuzzy Logic and qualitative reasoning. In the first step a Syndrome specific network of interrelations is formulated by analysing case studies, the general knowledge about mechanisms, theories and expert assessments. Based on this systemic representation, the natural and socioeconomic conditions under which the Syndrome specific mechanisms (Symptoms and interrelations) can be active are identified. This evaluation is called the disposition of a region towards a specific syndrome. The resulting indicator can be used as an early warning indicator for the possible germination of a non-sustainable development or for sensitivity analyses with regards to changing environmental conditions, e.g. global warming . Based on the constituting elements of the Syndrome, a complex indicator for the intensity of the active Syndrome is derived in the next step of the analysis. This indicator assesses the critical states in the dynamical evolution of the non-sustainable patterns of civilisation-nature interaction and identifies coping and mitigation strategies. An exemplary Syndrome diagnosis is performed in the following section for the OVEREXPLOITATION SYNDROME.
Syndrome Analysis of Global Deforestation
As described in various studies reviewed in the introduction, different human activities have caused a wide extent of deforestation and threaten the important role of the remaining global forest within the Earth system, especially since the end of WW II. It is possible to identify different patterns of deforestation and forest degradation (FAO, 1997) from expert knowledge, the variety of case studies and summary reports on the subject, and assign them to different Syndromes.
The main Syndromes identified causing large scale deforestation are:
• The overexploitation of natural ecosystems -The OVEREXPLOITATION SYNDROME. Examples of this pattern are the exploitation of forests for timber or the removal of forests for fuelwood and charcoal.
• The rural poverty driven overuse of natural resources -The SAHEL SYNDROME. Examples for this pattern are the exploitation of forests by slash and burn cultivation by smallholders, particular in tropical developing countries.
• Non-sustainable agro-industrial use of soils and bodies of water -The DUST BOWL SYNDROME.
Examples for this pattern are the conversion of forest for large cattle farming or cash crop agriculture.
Besides these major cause-effect schemes of global deforestation, there are several other Syndromes that contribute to deforestation on a minor scale, e.g. the development and destruction of nature for recreational ends (MASS TOURISM SYNDROME), the environmental damage of natural landscapes as a result of large-scale projects like dams (ARAL SEA SYNDROME), or the environmental degradation through large-scale diffusion of long-lived substances (SMOKESTACK SYNDROME) as in the case of acid rain.
The Overexploitation Syndrome
The Syndrome describes the overexploitation of biological resources and the connected conversion of natural ecosystems. It affects both terrestrial (forests, savannahs) and marine (overfishing) ecosystems. The common feature is that ecosystems are overexploited without regard for their regenerative capacity, resulting in severe damages. Here, the violation of the sustainability principle leads to the degradation and even destruction of natural ecosystems, e.g. through outright clearance of forests, overgrazing of uncultivated land or overfishing.
The OVEREXPLOITATION SYNDROME can be observed quite early in human history. Plato describes in his dialog "Kritias" (~ 350 BC) the devastation of the hillsides of Attica where the forest had been removed for construction of cities and fleets. Another historic example is the overexploitation of the forests in Saxony, Germany, in the 17 th century for mining and smelting. In order to avoid an imminent economic breakdown because of urgent need for wood, the idea of sustainable sylviculture was introduced by Hans Carl von Carlowitz, a Saxonian civil servant. He formulated sustainability principles in his "Sylvicultura Oeconomica. Die Naturmäßige Anweisung zur Wilden Baum-Zucht" (1713) that are still viable in the current debate.
The Syndrome Mechanism
Due to its early appearance in history there is a wide variety of descriptions of the Syndromes cause-effect scheme. These descriptions do not match in all details, but they all share a Syndrome constituting kernel of Symptoms and their interrelations. This kernel, as portrayed by the highlighted elements in Fig 1. , is to be found in all variations of the Syndrome. Fig. 2 : Spreading of the OVEREXPLOITATION SYNDROME and its triggering mechanism -Exposition -to the SAHEL SYNDROME and the DUST BOWL SYNDROME.
Due to the fact that the extraction of the resource surpass the ability to reproduce, the basis for the existence is destroyed up to the extinction of species and ecosystems. Thus, the functionality of the biosphere as a whole is destroyed and global biogeochemical cycles are influenced. This process is increased by the "need to move on". Once a resource in a region is exploited, economical pressure forces the move towards neighbouring regions which were up to now less accessible and therefore less profitable. For the larger multinational lumber companies, the "global players", the meaning of neighbouring regions is not limited on the strict spatial sense. For them the next lucrative region can well be on another continent as the examples of South America shows, where Malaysian, Korean, Japanese, American and Canadian lumber companies try to take hold. The Syndromes "wild fire like spread" together with the accompanying development of a region by the building of road networks by the lumber companies in their process to exploit new resources leads to a link with other Syndromes. These are mainly the SAHEL SYNDROME, where land-less smallholders move into the newly accessible areas and start clearing with slash and burn agriculture, and the DUST BOWL SYNDROME, where companies and big land owners move in and convert the forests into cattle farm or cash crop agriculture. This process of the spreading of the OVEREXPLOITATION SYNDROME acting as an Exposition or trigger to the other Syndromes is widely described in the literature (e.g. Heilig, 1994; Verissimo et al., 1995; Walker and Homma, 1996; Mertens and Lambin, 1997; Lambin and Mertens, 1997; Rudel and Roper, 1997; WRI, 1997; Parayil and Tong, 1998; Stone, 1998) . A graphic description of this process is given in Fig 2. 
Disposition
The disposition concept is important to analyse the present dynamic of the Syndrome and for the identification of areas of possible future endangerment. This element of Syndrome analysis allows for the detection of non-sustainable developments and to act preventive, before the "outbreak" of the mechanism. The concept of disposition space identifies the conditions under which the interrelations between Symptoms can become active. If certain triggers (exposition factors such as changes in world market prices or changes in life style) begin to operate in this context, the mechanism of the Syndrome is unleashed, and the Syndrome becomes acute in the respective region.
A disposition of forest ecosystems towards the OVEREXPLOITATION SYNDROME is given when the economical use of the wood resources on the large scale is possible and probable. The important part is not just the existence of forests but the chance for profitable exploitation that is dependent on middle to long term economical conditions. In contrast, exposition is determined by the short term changes like market fluctuations.
The mathematical concepts of Fuzzy Logic (Fuzzy Sets, Fuzzy Operators) are used in a GIS environment to incorporate qualitative and fuzzy statements with quantitative information (Zadeh, 1965; Böhme, 1993; Cassel-Gintz et al., 1997) . These concepts allow to operate with these information and to draw valid conclusions. The Fuzzy Logic concept is used to define membership values, ( ) , of variables to appropriate linguistic categories (high, low etc.) with respect of their contribution to the disposition of the OVEREXPLOITATION SYNDROME., e.g. for the "economically usable biomass density", the "usable biomass density" is the variable and "economically" is its linguistic category. In addition, suitable fuzzy operators for the combination of the various disposition elements are utilised. For a detailed introduction to the Fuzzy Logic methods and concepts utilised here, refer to Cassel-Gintz et al. (1997) .
Disposition Factors
Economical profitability is dependent on the existence of an economically usable wood or biomass density and the most favourable accessibility of the resource. This relationship between transport costs and land use is widely mentioned in the literature CasselGintz, 1997; Stone, 1998; Angelsen, 1999) and has its economical foundations in von Thünen's location theory of land rent (Schätzl, 1988) .
The first step in the generation of the disposition is the generation of the infrastructure mask. A "good accessibility" was produced for every location inside a 5' grid cell (resolution ~ 10 x 10 km at the equator). In densely populated or urban areas, identified by the World Demography data set (Tobler et al. 1995) , good accessibility is assumed. In the remaining areas the road and rail networks, navigable rivers and accessible coast lines (Arcworld, 1992 ; US Department of Transportation, 1997) define a mask of developed transportation infrastructure. These basic elements were combined in a boolean OR combination and build a binary target mask for a virtual cost surface. For all other locations, the cheapest distance to a target cell with infrastructure, depending on the slope of the terrain as a weighting factor, was calculated based on a global Digital Terrain Model (DTM) in 5' resolution (ETOPO5, US National Geophysical Data Center). Protected areas of classes 1 -5 of the International Union for the Conservation of Nature (Iremonger et al., 1997) classification scheme were defined as not accessible and therefore excluded from the analysis. The fuzzyfication of the variables are shown in Fig. 3 . The resulting grid describes the aggregated virtual costs from each grid cell to reach a cell with transportation infrastructure. The higher the costs, the less likely an economically profitable exploitation might take place. The cost surface, C, was combined via a fuzzy AND operator (minimum; Eq. 1) with the World Forest Map (WRI, 1997), F, to result in a grid of "easily accessible forest resources", FA. Since the profit of lumber extraction is dependent on a minimal stem thickness, the "economically usable biomass density", B, was generated based on an expert valuation (Kohlmaier et al., 1997 ) and a dynamic global vegetation model (Sitch et al., 2000) . This variable was combined with the "easily accessible forest resources", FA, via a min-max compensatory γ-operator (K 0.5 -Operator; Eq. 2) to the "high disposition" for the OVEREXPLOITATION SYNDROME. 
Eq. 2
The K γ -Operator describes the way in which humans form compromises. It can be adjusted more towards an AND for γ values close to 0 and more towards an OR for values close to 1. This behaviour is described as a compensatory AND combination (Böhme, 1993) . For γ = 0.5 the operator results in an expression for the economical actions of the actors, where already the positive evaluation of one of the two components, easy accessibility or high quality biomass, is sufficient for the decision to exploit the resource.
The combined operations are graphically depicted in Fig. 4 . The resulting map in Fig 6. a) displays the membership value for the expression "high disposition" for the non sustainable outcomes of the cause-effect scheme defining the OVEREXPLOITATION SYNDROME. 
Intensity
Due to insufficient data availability about the spatially explicit causes of deforestation and forest degradation by logging, an evaluation of the current intensity of the OVEREXPLOITATION SYNDROME is rather difficult. Most of the data available is from national inventories and estimates based on different definitions of forests and deforestation, or from remotely sensed data (aerial or satellite imagery).
Especially from the latter source an underestimation of deforestation and forest degradation arises (Nepstad et al., 1999) . Furthermore it is impossible to gain insights into the underlying causes from these data sources.
Based on a dynamic vegetation model (Sitch et al., 2000) and FAO statistics (FAO, 1999) for the years 1990 -95 the maximum possible biomass extraction and the wood product productions were used to assess the typical types of deforestation in a country. This model based expert assessment identifies a potential non-sustainable wood production and distinguishes between two types of deforestation. The first type, Conversion, describes clear cutting with a suppression of natural succession. The second type, Degradation, describes cases where selective logging leads to structural changes and functional degradations of ecosystems that end in a conversion of the natural ecosystems to anthropogenic formed forests mostly composed of mono-cultures and strongly reduced biodiversity. For a detailed description of this assessment refer to Cassel-Gintz and Petschel-Held (2000) .
The intensity of the OVEREXPLOITATION SYNDROME can be defined as a measure for the strengths of the Syndrome constitution mechanism. The Symptoms and interrelations of the Syndrome core, as displayed in Fig. 1 , must be active as a necessary condition for the existence of the Syndrome. The following preliminary country wide analysis of the mechanism is based on the assessment of deforestation type and focused on the core Symptoms Overexploitation of Biological Resources and Policy Failure.
Overexploitation of Biological Resources
The estimate of the dynamic of the exploitation of biological resources is based on FAO (1999) country statistics, including roundwood and fuelwood production. To determine the Symptom, the absolute production and its change between 1990 and 1995 was considered. A relevance for the Syndrome is given when either a strong relative increase in production (linguistic variable: "significant production trend", PTs) or a not too strongly declining production ("high production trend", PTh) on a very high production level ("high production", P) is observed (Eq. 3; Fig. 5 a) . UuvÃ puhhprvhvÃ hÃ trrhrqÃ vuÃ hÃ sÃ 6I9Ã rhÃ hqÃ hÃ sÃ PSÃ pivhv (maximum) based on the FAO statistics (1999) to the economical component of the intensity. The parameters were chosen so that regions that have an "overexploitation" record in the literature were indicated. This procedure has the advantage of not having to utilise reductionistic concepts of a sustainable use.
Policy Failure
In this context, policy failure includes the inability of a state to use existing regulative measures for the protection of forest ecosystems, as well as the reluctance to create such measures. The latter could be determined for the existing forest institutions in the examination period of 1990 -1995.
Hereafter we differentiated between actual laws or just proposed action plans, following the Forest Action Plan indicator, FAI, of the FAO forest report (FAO, 1999) . In the case of an action plan, the question about the ability of the political-economical make up of a country to counter lobbyism and corruption and effectively enact the measures, arises. To incorporate the effects of corruption the index of Transparancy International (1998) was used in form of its overall strength in the examination period ("high corruption") as well as its change over that period ("high corruption trend"). Here, a slight improvement was seen as not sufficient to reduce the pressure on the forest resource. The combination to the statement "high political susceptibility for corruption" was achieved by an
The "high political susceptibility for corruption" was combined with the fuzzyfied FAI using a Lukasievicz AND Operator (Eq. 5) to generate an indicator for a "high policy failure" with respect to the protection of forest resources between 1990 and 1995. 
The Combined Intensity
The indicators for the "high overexploitation" and "high policy failure" were combined to the "high intensity" of the OVEREXPLOITATION SYNDROME using a fuzzy AND operator (minimum, Eq. 6). 
The resulting geographical distribution of the Syndrome intensity is displayed in Fig. 6 a) . In Fig.   6 b) and c) the dispositions and intensities for the SAHEL SYNDROME and the DUST BOWL SYNDROME, the other two major patterns of land use change, deforestation and forest degradation, are displayed. They were generated in a similar manner to the OVEREXPLOITATION SYNDROME. For details regarding the Syndrome analysis for the SAHEL SYNDROME refer to Cassel-Gintz et al. (1997) , Schellnhuber et al. (1997) , Petschel-Held et al. (1999) and Lüdeke et al. (1999) . The DUST BOWL SYNDROME is described in greater detail in WBGU (2000). Fig. 6 : Geographical distributions of the dispositions and intensities for a) the OVEREXPLOITATION SYNDROME, b) the SAHEL SYNDROME and c) the DUST BOWL SYNDROME. All maps in Mollweide projection.
The Combined Threat to Forest Ecosystems
Based upon the dispositions and intensities of the Syndromes contributing to deforestation and forest degradation (Fig. 6 ) a first version of an aggregated estimate of the current and future threat to global forest ecosystems was generated.
Due to data gaps in some of the intensity indicators there is an uncertainty for the threat indicators in some regions. These are mainly the countries of the former Soviet Union, where consistent data are sparse due to the political and economical changes in the last decade. A map depicting the uncertainty is located in the centre of Fig. 7 . To deal with this uncertainty, missing values were replaced with 0 (no contribution) for a lower estimate and with 1 (maximum possible contribution) for an upper estimate for both indicators. In areas of uncertainty, the 'real' threat is somewhere between these bounds.
Current Threat to Forest Ecosystems
The current threat is given by the intensities of the active Syndromes in a region. A threat exists if a Syndrome is active in a region. If, at the same time, several Syndromes are active in a region, the resulting threat is higher than the maximum of the single intensities. Since a membership value of "high current threat" can not be larger than 1, the synergistic effect is not considered in cases where an intensity is 1 or close to 1. This synergistic effect of threat, also described by Barber (1998) , is achieved using Lukasievicz OR operators ( ∨& & & ; Eq.7), where OI = intensity of the OVEREXPLOITATION SYNDROME, SI = intensity of the SAHEL SYNDROME and DI = intensity of the DUST BOWL SYNDROME.
The resulting lower, or optimistic assessment, and upper, or pessimistic assessment, estimates of the indicator for the current threat to the forest ecosystems are displayed in Fig. 7 a) .
Future Threat to Forest Ecosystems
The estimate of the future threat to forests is generated by combinations of the dispositions of the Syndromes and possible effects by Syndrome couplings. A future threat to a forest is seen as given if:
1. a high disposition for a Syndrome is given, or 2. a high intensity for the OVEREXPLOITATION SYNDROME is given with simultaneous high disposition for the SAHEL or DUST BOWL SYNDROME (this case is depicted in Fig. 2) , or 3. a high intensity for the DUST BOWL SYNDROME is given with simultaneous high disposition for the SAHEL SYNDROME.
The threat described in 2. is generated by coupling of Syndromes, where an EXISTING OVEREXPLOITATION SYNDROME opens up formerly inaccessible areas to migration of small holders practising shifting cultivation and big land owners converting forests to cattle or cash crop farms. The threat in 3. describes the situation where a region is no longer economically profitable for farming cash crops and shifting cultivators take over and rapidly destroy the remaining forest and spread into neighbouring areas. These effects are represented by a fuzzy Or combination ( ∨ ; Eq. 8), where OD = disposition and OI = intensity of the OVEREXPLOITATION SYNDROME, SD = disposition and SI = intensity of the SAHEL SYNDROME and DD = disposition and DI = intensity of the DUST BOWL SYNDROME. 
Eq. 8
The resulting lower, or optimistic assessment, and upper, or pessimistic assessment, estimates of the indicator for the future threat to the forest ecosystems are displayed in Fig. 7 b) . 
Discussion of the Geographical Distribution of the Threat Indicators
The forest threat indicators are indirectly verified by comparison mainly with the expert evaluation for the threat to forest frontiers (Bryant et al., 1997) , which represent the only geographically explicit global evaluation so far and with various local and regional case studies. Basic differences between the forest frontier indicator (FFI) and the Syndrome based indicators are the higher differentiation of threat with the Syndrome based indicator and a higher spatial resolution in some regions with the FFI.
The main disadvantage of the FFI clearly lies in its limitation over larger tracts of primary forests, whereas the Syndrome based indicator also focuses on secondary forest, whose role is increasingly important for biogeochemical cycles and biodiversity (FAO, 1999) .
Europe and Russia
The western European forest are not considered threatened since forest conversion and destruction is a historic event and currently forest areas are increasing due to re-conversion from previously agriculturally used lands (FAO, 1997 (FAO, , 1999 ) and a CO 2 fertilisation effect. A threat to these forests nevertheless arises from a shift towards less biodiversity due to afforestation with mainly mono-cultures and the degradation through large-scale diffusion of long-lived substances (e.g. Sulphur and Nitrogen compounds) which were not included in the analysis up to now. The latter mechanism is an expression of the SMOKESTACK SYNDROME (WBGU 1997) which is also active in forests of eastern Europe, Scandinavia and Russia. The commercially used forest of Scandinavia are threatened by a loss of diversity to a much higher extent (Greenpeace, 1998) . The forest in eastern Europe and Russia are threatened by the poor economic situation and the high corruption in these countries (Greenpeace, 1998; WRI, 1997) . The Russian forests are especially endangered (Greenpeace, 1998; FAO, 1997 FAO, , 1999 where the boreal Siberian forest are cut with modern harvester techniques on a large scale (Shvidenko and Nilsson, 1994) by Japanese and South Korean companies. The future threat to the forests of Europe and Russia is predicted to increase in Scandinavia, eastern Europe and Russia, an assessment that is shared by FAO (1999) and Greenpeace (1998) .
Asia
The Syndrome based indicator displays in continental Asia a threat mainly in Afghanistan, Pakistan, India, China, North Korea and Cambodia. Nepal is indicated with a medium threat. The Malaysian forests are identified with only a low threat, which can be explained by the fact that the peak in deforestation in Malaysia was already in the early 70s. The Indonesian forest are currently highly threatened. The large forest fires in recent years were mainly caused by illegal clearing of forest to gain land for cash crop plantations, specially large oil palm mono-cultures (Barber, 1998) . The effect of these fires was tremendously increased by the severe ENSO (El Nino Southern Oscillation) events and the resulting drought periods, so that even larger forest areas were destroyed (FAO, 1999) .
The Asian forests are currently being degraded by two different dynamics of about the same magnitude. A slow conversion by intensification and expansion of agriculture, driven by increased rural population pressure, and a rapid conversion by centrally planned actions, like migration programmes or the creation of large mono-cultures of cash crops. A further important component of degradation is the increasing demand for fuelwood and charcoal (Friedman and Friedman, 1988) . Today, roundwood exploitation plays only a minor role, since most of the economically usable forests have already been exploited, which motivates the increased pressure of Asian lumber companies on the Siberian and South American forests.
With exemption of India, the indicator for the future threat to forest ecosystems predicts an equally high threat for Asian forests. The FAO (1999) predicts a strong increase in demand for wood products and fuelwood up to 2010, so that Asia will remain the only net import region for roundwood.
Australia / Oceania
Due to the insufficient data available, no clear statement about the forests in this region can be made. The future threat for this region is predicted as high mainly for the forests of Papua-New Guinea, Australia and New Zealand. The FAO (1999) predicts an increasing demand for wood products and a thus increasing deforestation for this region. This is especially devastating for the local ecosystems with high proportions of endemic species on the pacific islands.
North and Central America
The Syndrome based indicator identifies a threat for the forests of the Atlantic coast, along the St. Lawrence up to the Great Lakes, in the northern parts of the Canadian Prairie Provinces and on the West Coast. The threat in these regions is given by the DUST BOWL and OVEREXPLOITATION SYNDROME.
The FFI also assesses the primary forests in these regions as threatened. The coastal forest is especially are under a high threat and is currently the focus of public debate about logging (SoltwedelSchäfer, 1997) . Besides large scale clear cuts with > 80 % of wood production area in Canada (GFW, 2000) , a replacement of natural forests towards structurally and biologically impoverished forest monocultures takes place. The Syndrome based indicator identifies only minor threats to the Alaskan forest in contradiction to the FFF. This might be due to exclusion of permafrost soils in the disposition of the OVEREXPLOITATION SYNDROME, the relatively low biomass and the missing influence of mining activities (KATANGA SYNDROME) in the analysis.
The Central American forests in Guatemala, the coastal forests of Honduras, Nicaragua, Costa Rica and Panama are identified as threatened. In contrast to the FFI the Mexican forests of the western Sierra Madre are only seen as under minor threat. In Central America the conversion of forests to agricultural land is the main issue. Most of these areas are either used for cash crops by multinational or American companies, which have a long history of resource exploitation and political domination in this region, or for cattle ranching by the American "Fast Food" industry (Williams, 1990) . The latter became famous with the name the "Hamburger Connection" (Myers, 1981) .
The possible future threat shows an increasing endangerment. The FAO (1999) predicts a growing wood production and demand for wood products. The high future threat for the forest of the American East Coast seems to be exaggerated. The important recreational role of forests is not considered in the Syndrome based indicator.
South America
Most regions in South America appear to be threatened by deforestation. Noticeably the forests in Peru, Suriname and Guyana emerge as not endangered contrary to the FFI and other sources that indicate that recently Malaysian and international logging companies are taking hold in Guyana, Brazil and Suriname (Rudel and Roper, 1997) . In the case of Peru, the reported economical data are too optimistic to indicate a pressure arising from impoverishment. The last remaining South American temperate rainforests in Argentina and Chile are highly threatened. Already 45 % of the historical Chilean forests have been transformed into plantations of Pine and Eucalyptus mono-cultures (FAO, 1999; GFW, 2000) . Furthermore, the Asian wood and paper demand puts an increasing pressure on the Chilean forests. The Venezuelan forests are among the highly valuable five global "Wilderness Hotspots" (Groombridge, 1994; Iremonger et al., 1997; GFW, 2000) . The annual deforestation rate of 1.1 % in the 90s was more than double the South American average. Currently about 1/3 are threatened from conversion to agricultural land or logging and mining activities (GFW, 2000) . The estimate for the Brazilian forests are also very grim. Especially the Amazon region is facing various threats (Fearnside, 1993; FAO, 1997 FAO, , 1999 Verissimo et al., 1992 : Stone, 1998 Parayil and Tong, 1998; Nepstad et al,. 1999 ). In addition also the remaining >10 % Atlantic coastal rainforests are highly threatened by shifting cultivation (Dünckmann and Wehrhahn, 1998) . The rapid conversion of closed primary forest to other forms of land cover and land use typical in South America are often cases linked to planned governmental actions (e.g. migration programmes, construction of dams for hydropower, exploitation of resources etc.) which are expressions of the ARAL SEE SYNDROME (WBGU, 1997). The conversion of forests to cash crop land (mainly soy beans and tobacco) in the Amazon (Fearnside, 1993) and in southern Brazil (Greenpeace, 1999) , or to pastures (Parayil and Tong, 1998) is part of the DUST BOWL SYNDROME.
The possible future threat shows a geographic shift. While the pressure for the Brazilian forests is predicted to remain constant or even to decrease, the threat for the neighbouring forest of Bolivia, Peru, Columbia, Venezuela, Guyana, Surinam and French Guyana is predicted to increase. The FAO (1999) forecast predicts mainly increased exports of roundwood and pulp for the international markets.
Africa
Most of the remaining forests in Africa are under threat. The dominant transformation of closed forests to shrubs and savannahs is caused by the expansion of subsistence agriculture under rural poverty and population pressure (FAO, 1997) . This mechanism is identified as part of the SAHEL SYNDROME Petschel-Held et al., 1999) . The largest remaining forest in the Congo basin are only under minor threat according to the Syndrome analysis. Due to military conflicts in this region, it is difficult to find information about the threat and degradation of these forests.
The future threat shows an increasing pressure on the forests of the Central African countries and a shift of the main focus from the Democratic Republic Congo, to the forests of the coastal states. By the end of the last decade, cutting concessions for the majority of the forests in this region were granted (GFW, 2000) . The FAO (1999) predicts besides an increased production of roundwood, mainly a large increase in the demand for fuelwood and charcoal in Africa, which is seen as a driving force for desertification in the proximity of settlements (FAO, 1999; Mertens and Lambin, 1997) .
Conclusions
With the example of anthropogenic cause-effect schemes of global deforestation could be demonstrated that the implementation of the Syndrome concept in a GIS environment is a promising new approach to examine non-sustainable civilisation-nature interactions. It was possible to give a spatially explicit analysis of the current deforestation pattern, which allows for a regional identification of the main socio-economic cause-effect schemes contribution to forest degradation and deforestation.
The dispositions, in their form as vulnerability assessments for specific patterns of nonsustainable civilisation-nature interactions, allow an assessment of the proneness of a region to be 'infected' by a Syndrome which leads to an estimate of the future threat that might be expected in a region. The global threat indicators introduced in this study are among the most comprehensive assessments of the anthropogenic threat to global forest ecosystems so far. The advantages compared to previous approaches are the validity of the approach for all types of forests, secondary and primary forests, the incorporation of different non-sustainable civilisation-nature developments with respect to forest, and the inclusion of synergistic effects between these Syndromes. A further advantage of the Syndrome based assessments lies in the possibility to separate the contributions to the threat by the cause-effects schemes, which is an important prerequisite for the development of effective political strategies. By analysing the Syndrome specific networks of interrelations the identification of preventive and curative options to effectively combat global deforestation seems possible.
In general, the Syndrome approach gives a promising option for an "Integrated Assessment" of the complex dynamic of GC. By analysing non-sustainable developments and providing guard rails for a sustainable development (Schellnhuber 1998) , it can be a helpful tool on the way towards a sustainable co-evolution of anthroposphere and ecosphere.
